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ON-BOARD CALCULATIONS OF A TWO-IMPULSE ABORT 

TO A PRESELECTED LANDING SITE 

By Robert B .  Merrick 
Ames Research Center 

SUMMARY 

A two impulse maneuver allows g rea t  f l e x i b i l i t y  i n  t h e  choice of  a land
i n g  s i t e .  This paper  assumes t h a t  a nominal two impulse abor t  t r a j e c t o r y  has 
been s e l e c t e d  be fo re  f l i g h t  b u t  t h a t  t h e  v e l o c i t y  r equ i r ed  t o  a t t a i n  t h a t  
abor t  t r a j e c t o r y  from o f f  nominal condi t ions  w i l l  b e  computed manually on 
board the  s p a c e c r a f t .  The method presented  he re  accomplishes t h e  e n t i r e  
p lane  change with t h e  f irst  impulse and r e s t r i c t s  t h e  app l i ca t ion  of t h i s  
impulse t o  c e r t a i n  p r e s e l e c t e d  ranges .  The b a s i c  theory i s  v a l i d  f o r  any 
t r a n s f e r ,  i n  e i t h e r  p l a n o c e n t r i c  o r  h e l i o c e n t r i c  space ,  between two p o s i t i o n s  
whose i n e r t i a l  coord ina tes  a r e  known a t  p re sc r ibed  t imes .  Consequently, t h e  
theory would allow t h e  method t o  be  used f o r  computing abor t s  from inbound 
t r a j e c t o r i e s ,  bu t  reasonable  f u e l  l i m i t a t i o n s  r e s t r i c t  i t s  primary 
a p p l i c a b i l i t y  t o  outbound t r a j e c t o r i e s .  

The computational procedure developed obta ins  t h r e e  orthogonal compo
nen t s ,  i n  i n e r t i a l  axes ,  of t h e  v e l o c i t y  t o  be gained f o r  t h e  f i r s t  impulsive 
rocket  f i r i n g  and ob ta ins  t h e  magnitude of second impulse.  I t  i s  shown t h a t  
t h e  method i s  f e a s i b l e  f o r  manual c a l c u l a t i o n s ,  u s ing  four  f i g u r e  accuracy,  
with a family of graphs t o  match t h e  t ime c o n s t r a i n t .  

This computational procedure can se rve  as a backup scheme f o r  naviga t ion  
i n  i n t e r p l a n e t a r y  space .  Midcourse co r rec t ions  can be c a l c u l a t e d  by t h i s  
method. 

INTRODUCTION 

I t  i s  necessary t h a t  t h e  crew of a spacec ra f t  have a completely s e l f -
contained c a p a b i l i t y  t o  accomplish an a b o r t .  There a r e  a t  l e a s t  two reasons 
f o r  t h i s  requirement .  The f i r s t  i s  t h a t  communication d i f f i c u l t i e s  of sev
eral  hours du ra t ion  may occur ,  consequently , t he  a s t ronau t s  cannot r e l y  on 
ground f a c i l i t i e s  t o  quick ly  process  t h e  cu r ren t  d a t a  and make a t imely 
dec is ion  f o r  them. The second reason i s  t h e  p o s s i b i l i t y  of e r r o r  i n  e i t h e r  
t h e  ground computation o r  i n  t h e  communication of t h e  d a t a  t o  t h e  s p a c e c r a f t .  
The a s t ronau t s  must be a b l e  t o  independently process  t h e  cu r ren t  d a t a  on 
board accu ra t e ly  enough t o  d e t e c t  gross  e r r o r s  i n  t h e  i n s t r u c t i o n s  rece ived  
from the  ground. 

Most s t u d i e s  of t h e  guidance problem of midcourse abor t s  have considered 
only one rocket  f i r i n g  and have been r e s t r i c t e d  t o  r e t u r n  t r a j e c t o r i e s  which 
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nominally l i e  w i t h i n  t h e  p lane  of t h e  i n i t i a l  t r a j e c t o r y .  These two r e s t r i c - >\t i o n s  were adopted because they  are approximately c o r r e c t  f o r  t h e  t ime c r i t i 
cal  a b o r t ,  t h a t  i s ,  a minimum time r e t u r n  without  concern f o r  a landing  s i t e ,  I
and because t h e s e  r e s t r i c t i o n s  s impl i fy  t h e  a n a l y s i s .  In  some abor t  s i t u a  

t i o n s ,  t h e  s e l e c t i o n  of a landing s i t e  may be  more important  than  t h e  r e t u r n  

f l i g h t  t ime.  Consequently, two-impulse r e t u r n s  and out-of-plane r e t u r n s  I 


should be considered ( r e f .  1 ) .  


I f  a one-impulse abor t  maneuver i s  planned, t h e r e  i s  a high p r o b a b i l i t y  
t h a t  a s u b s t a n t i a l  ( g r e a t e r  than  10 m/sec) second v e l o c i t y  increment w i l l  be  
requi red  t o  c o r r e c t  t h e  aiming e r r o r s  o f  t h e  f irst  v e l o c i t y  increment 
( r e f .  2 ) .  Necessar i ly  then  t h e  two-impulse c a p a b i l i t y  w i l l  b e  p re sen t  i n  t h e  
a c t u a l  hardware. Since a second maneuver w i l l  g ene ra l ly  be r equ i r ed ,  i t  is  
o f  i n t e r e s t  t o  cons ider  how a more complete u t i l i z a t i o n  of  t h i s  maneuver can 
inc rease  landing s i t e  a v a i l a b i l i t y .  

The r e l a t i v e  f l e x i b i l i t y  o f  s ingle- impulse and two-impulse abor t s  may be 
compared by examining a t y p i c a l  example. Suppose a veh ic l e  whose e n t r y  range 
(from an a l t i t u d e  of  400,000 f t  t o  touchdown) i s  2000 n a u t i c a l  miles  (3704 km) 
must abor t  a t  a d i s t a n c e  of  150,000 km from t h e  e a r t h .  Suppose a l s o ,  t h a t  
hea t ing  cons idera t ions  l i m i t  t h e  r een t ry  speed such t h a t  t h e  e c c e n t r i c i t y  of 
t he  e n t r y  t r a j e c t o r y  must be l e s s  than  u n i t y .  In  add i t ion  t h e  veh ic l e  must 
meet en t ry  c o r r i d o r  c o n s t r a i n t s  (vacuum per igee  = 6430 km). Under t h e s e  con
d i t i o n s  t h e  s ing le- impulse  maneuver has a range of achievable  incremental  
t r u e  anomaly between t h e  abor t  po in t  and the  landing s i t e  o f  175' t o  225 ' .  
Under these  same cond i t ions ,  with two impulses,  t h e r e  a r e  no t h e o r e t i c a l  
bounds. Reasonable f u e l  l i m i t a t i o n s ,  however, would cons t r a in  the  upper l i m i t  
t o  about 275' and allow some improvement i n  t h e  lower l i m i t .  Even with t h e s e  
r e s t r i c t i o n s  t h e  two-impulse maneuver has  a t  l e a s t  a 100 percent  improvement 
i n  e a r t h  s u r f a c e  a v a i l a b i l i t y .  

The s u b s t a n t i a l  a d d i t i o n a l  f l e x i b i l i t y  i n  landing s i t e  s e l e c t i o n  obtained 
by planning on apprec iab le  f u e l  f o r  t h e  second rocket  f i r i n g  could lead  t o  a 
major reduct ion  i n  ground standby forces  i n  t h e  next  decade. A s  space t r a v e l  
becomes more r e l i a b l e ,  i t  i s  probable  t h a t  ground standby forces  w i l l  not  be 
used a t  a l l  and f l e x i b i l i t y  i n  abor t  landing s i t e  s e l e c t i o n  w i l l  be inc reas 
ing ly  d e s i r a b l e .  

The ob jec t ive  o f  t h i s  s tudy  then i s  t o  develop a method whereby a s t r o 
nauts  can have an increased  on-board f l e x i b i l i t y  i n  r e t u r n i n g  t o  a favorable  
landing s i t e  during an abor t  maneuver. The method must be s u f f i c i e n t l y  
s t r a igh t fo rward  t h a t  t h e  on-board computation can be accomplished i n  reason- I 
ab le  time without us ing  a complex computer. This s p e c i f i c a t i o n  r equ i r e s  t h a t  
every e f f o r t  be made t o  s impl i fy  t h e  d e s c r i p t i o n  of t h e  mechanics involved .  1 

The e x t r a  computational complications of t he  two-impulse maneuver should 
be handled without burdening t h e  on-board computer. Consequently, a procedure 
has been developed which p r imar i ly  uses manual computations and a graph of 
c e r t a i n  e l l i p t i c a l  o r b i t  c h a r a c t e r i s t i c s  t o  determine t h r e e  orthogonal compo
nents  of t h e  v e l o c i t y  increment f o r  t he  f irst  f i r i n g  and t h e  magnitude of  I 

t h e  second v e l o c i t y  increment.  
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Because of  t h e  propagat ion of t h e  e r r o r s  of t h e  first f i r i n g ,  t h e  compo
nents  of  t h e  v e l o c i t y  t o  be gained a t  t h e  second f i r i n g  must b e  determined 
near  t h e  t i m e  of t h e  second f i r i n g .  Since t h e  method p resen ted  i n  t h i s  r epor t  
makes t h e  p lane  change a t  t h e  f irst  f i r i n g ,  t h i s  de te rmina t ion  can be  done by 
any simple system (such as those  descr ibed  i n  r e f s .  3 and 4) whose only ob jec t  
i s  t o  i n s u r e  a safe  r e t u r n .  Such a s imple system w i l l  permit s a f e  e n t r y  with 
only minor maneuvering r equ i r ed  t o  a t t a i n  t h e  landing s i t e  s a f e l y .  If  a v a i l 
ab le ,  t h e  normal on-board naviga t ion  system o r  ground t r a c k i n g  could a l s o  be  
used t o  determine t h e  second maneuver. 
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NOTAT ION 

semimajor a x i s  

angle from t h e  abor t  p o s i t i o n  vec to r  downrange t o  t h e  landing p o s i t i o n  
vec to r ,  deg 

angle  between i n i t i a l  and f i n a l  o r b i t a l  p l ane ,  deg 

e c c e n t r i c i t y  of conic  t r a j e c t o r y  

an gu 1a r  momentum , km / se c 

e c c e n t r i c  anomaly, r ad  

magnitude of t h e  p o s i t i o n  vec to r  from the  c e n t e r  of t h e  e a r t h  t o  t h e  
s p a c e c r a f t ,  km 

p o s i t i o n  vec to r ,  km 

t ime, s e c  

v e l o c i t y  magnitude, km/sec 

v e l o c i t y  vec to r ,  km/sec 

u n i t  vec to r  

t r u e  anomaly, rad  

g r a v i t a t i o n a l  parameter  of t h e  e a r t h  ( 3 . 9 8 6 0 3 ~ 1 0 ~km3/sec2) 

incremental  v e l o c i t y  magnitude, km/sec 

Subscr ip ts  

incremental  change of a v a r i a b l e  on t h e  t r a n s f e r  t r a j e c t o r y  

incremental  change of a v a r i a b l e  on t h e  approach t r a j e c t o r y  

3 

1 




C incremental  change of  a v a r i a b l e  between pe r igee  and landing 


D downrange component, perpendicular  t o  t h e  r a d i a l  component 


L landing s i t e  


P pe r igee  


R r a d i a l  component 


T t o t a l  


0 condi t ions  j u s t  be fo re  t h e  f i rs t  v e l o c i t y  impulse 


req condi t ions  j u s t  a f t e r  t h e  f i r s t  v e l o c i t y  impulse 


B condi t ions  j u s t  be fo re  t h e  second v e l o c i t y  impulse 


F condi t ions  j u s t  a f t e r  t h e  second v e l o c i t y  impulse 


1 f i r s t  v e l o c i t y  impulse 


2 second v e l o c i t y  impulse 


GENERAL CONSIDERATIONS 

Af ter  a dec i s ion  t o  abor t  has  been made, t h e  a s t ronau t s  must s e l e c t  a 
landing s i t e  and a s a t i s f a c t o r y  abor t  t r a j e c t o r y  which reaches t h e  s i t e  a t  t h e  
d e s i r e d  t ime.  However, t h e  s e l e c t i o n  of an abor t  t r a j e c t o r y  i s  a f f e c t e d  by 
many f a c t o r s ,  i nc lud ing  t h e  fol lowing:  

1. The p resen t  range from e a r t h .  

2 .  The time of  landing,  which must be known i n  o r d e r  t o  compute t h e  
two v e l o c i t y  increments.  

3 .  The time a t  t h e  f i r s t  rocke t  f i r i n g .  

4 .  The l i g h t i n g  condi t ions  a t  landing.  

5.  The t o t a l  f u e l  consumed i n  t h e  rocke t  f i r i n g s .  

6.  The d i s t r i b u t i o n  of f u e l  usage between t h e  f irst  and second rocket  
f i r i n g s .  

7 .  The degree of  preference  f o r  one landing  s i t e  over  another .  

8. The pe r igee  a l t i t u d e  of t h e  t r a n s f e r  t r a j e c t o r y .  

9 .  The r a d i a t i o n  rece ived  dur ing  t h e  r e t u r n .  
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I t  i s  evident  t h a t  t h e  choice of  an abor t  t r a j e c t o r y  i s  a f f e c t e d  by many 
i n t e r a c t i n g  cons ide ra t ions  and t h i s  dec i s ion  is  then  t o o  complex f o r  on-board 
process ing .  Consequently, t h e  landing s i t e  and i t s  a s soc ia t ed  abor t  t r a j e c 
t o r y  must be s e l e c t e d  b e f o r e  f l i g h t  on t h e  b a s i s  of  a nominal outbound t r a 
j e c t o r y .  Therefore ,  an ex tens ive  p r e f l i g h t  a n a l y s i s  w i l l  be  requi red .  

In  t h e  p r e f l i g h t  a n a l y s i s ,  s e v e r a l  p o i n t s ,  spaced a few hours a p a r t  on 
t h e  nominal outbound t r a j e c t o r y ,  are s e l e c t e d  and t h e  abor t  problem i s  care
f u l l y  examined f o r  each p o i n t .  In  t h e  p r e f l i g h t  s tudy  many r e t u r n  t r a j e c 
t o r i e s  are considered and a "best"  abor t  t r a j e c t o r y  from each s e l e c t e d  po in t  
on t h e  outbound r e fe rence  t r a j e c t o r y  i s  determined. I t  should be emphasized 
t h a t  t h i s  procedure does not  prec lude  a s ingle- impulse r e t u r n .  I f  a t  a 
p a r t i c u l a r  po in t  t h e  var ious  condi t ions  occur which t h e o r e t i c a l l y  permit a 
s ingle- impulse r e t u r n  t o  t h e  d e s i r e d  landing s i t e ,  t h i s  t r a j e c t o r y  w i l l  b e  
used i f  i t  is  b e s t .  

This s impl i fy ing  concept of abor t ing  from p r e s e l e c t e d  way s t a t i o n s  has 
been used previous ly  by Kelley ( r e f .  5) and by Callas ( r e f .  6)  t o  reduce t h e  
complexity of t h e  dec i s ions  needed i n  an emergency. However, i n  t h i s  r e p o r t  
a way s t a t i o n  i s  def ined  as a p r e s e l e c t e d  range on t h e  a c t u a l  outbound t r a 
j e c t o r y  r a t h e r  than  as a p a r t i c u l a r  po in t  on a nominal t r a j e c t o r y .  

SIMPLIFYING ASSUMPTIONS 

Phys ica l  S impl i f i ca t ions  

1. Rocket t h r u s t  i s  considered t o  be an impulse.  

P red ic t ing  t h e  motion of  a space veh ic l e  i s  very d i f f i c u l t  because i t  i s  
inf luenced  by an asymmetrical e a r t h ,  t h e  moon, and t h e  sun which a r e  i n  
s p e c i f i c  p o s i t i o n s  a t  s p e c i f i c  t imes.  This t a s k  must be eased s u b s t a n t i a l l y  
t o  enable t h e  a s t ronau t  t o  accomplish it on board.  In  o rde r  t o  minimize the  
requi red  computations i t  w i l l  be  necessary t o  use impulsive rocke t  f i r i n g s  
and two-body t r a j e c t o r i e s .  The rocke t  f i r i n g s  can be assumed t o  be impulsive 
because they  w i l l  occur over  very s h o r t  per iods  compared t o  t h e  per iod  of t h e  
o r b i t .  

2 .  The s i g n i f i c a n t  g r a v i t a t i o n a l  f o r c e  i s  from t h e  e a r t h  and t h e  grav i 
t a t i o n a l  fo rces  of t h e  sun and moon may be neglec ted .  

O f  a l l  t r a j e c t o r i e s  l eav ing  t h e  e a r t h ,  t h e  circumlunar t r a j e c t o r i e s  a r e ,  
n a t u r a l l y ,  t h e  most in f luenced  by t h e  t h i r d  body, s o  i t  i s  s u f f i c i e n t  t o  
examine them. For a t y p i c a l  circumlunar t r a j e c t o r y ,  i t  i s  known ( r e f .  2 )  t h a t  
two-body dynamics i s  not  enough t o  i n s u r e  a s a f e  e n t r y  with a s ingle- impulse 
r e t u r n .  However, i f  t h e  two-body c o r r e c t i o n  i s  made, t h e  e r r o r s  in t roduced  
by t h e  inaccura t e  guidance can be  co r rec t ed ,  a t  a range of  20,000 km from t h e  
e a r t h ,  with a pena l ty  of  less than  100 m/sec. This is  t r u e  under t h e  reason
ab le  r e s t r i c t i o n s  of an abor t  range l e s s  than  200,000 km and a f irst  v e l o c i t y  
increment g r e a t e r  than  1 km/sec.  Since t h e  Apollo space veh ic l e  w i l l  have an 
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abor t  c a p a b i l i t y  of more than  3 km/sec ( r e f .  7), 100 m/sec i s  not  worrisome 
from a f u e l  s t andpo in t .  Other i n t e r p l a n e t a r y  veh ic l e s  may not  have as l a rge  
an abor t  c a p a b i l i t y  b u t  they presumably w i l l  no t  have a t r a j e c t o r y  as much 
a f f e c t e d  by t h e  moon. Thus t h e  use  of two-body t r a j e c t o r i e s  i s  s a t i s f a c t o r y  
i n  e i t h e r  case .  

3 .  The e a r t h  i s  considered t o  be s p h e r i c a l  and homogeneous. 

The effects of  t h e  obla teness  o f  t h e  e a r t h  and i t s  uneven composition are  
very small i f  t h e  abor t  range i s  g r e a t e r  than  2 e a r t h  r a d i i ,  and t h e s e  e f f e c t s  
a r e  always of  less s i g n i f i c a n c e  than  t h e  e f f e c t s  produced by t h e  aiming e r r o r s  
a s soc ia t ed  with t h e  a p p l i c a t i o n  of t h e  f i rs t  v e l o c i t y  increment.  

Operat ional  S i m p l i f i c a t i o n s  

A landing s i t e  and t h e  t ime t o  land a r e  s e l e c t e d  be fo re  f l i g h t  f o r  each 
way s t a t i o n  on t h e  nominal outbound t r a j e c t o r y .  I n  o r d e r  t o  determine t h e  
r equ i r ed  abor t  maneuver t h e  a s t ronau t  must know t h e  es t imated  p o s i t i o n ,  veloc

-i t y ,  and time a t  t h e  way s t a t i o n .  Only a minimal burden i s  imposed on t h e  
normal naviga t ion  system i f  t h e  es t imated  R ,  v, T o f  t h e  next  one o r  two 
way s t a t i o n s  i s  made r o u t i n e l y  a v a i l a b l e  t o  t h e  crew s i n c e  t h e  abor t s  w i l l  
be made a t  way s t a t i o n s  known i n  advance and s i n c e  the  on-board computer i n  

-i t s  r o u t i n e  naviga t ion  func t ion  i s  capable o f  p r e d i c t i n g  t h e  seven-dimensional 
s t a t e  vec to r  R ,  v, T .  The rou t ine  possess ion  of t h i s  information s i m p l i f i e s  
dec is ion  making when an emergency develops.  

There a r e  two v e l o c i t y  co r rec t ions  t o  be determined bu t  t h e  second cor
r e c t i o n  i s  used no t  only f o r  a nominal maneuver b u t  a l s o  t o  c o r r e c t  t h e  
e r r o r s  t h a t  b u i l d  up as a consequence of va r ious  e a r l i e r  e r r o r s ,  inc luding  
the  imperfect  achievement of t h e  f i r s t  rocke t  f i r i n g .  Therefore ,  while  t h e  
f i r s t  on-board c a l c u l a t i o n  must produce t h e  t h r e e  or thogonal  components of 
t h e  v e l o c i t y  t o  be  added i n  t h e  f i r s t  v e l o c i t y  increment ,  i t  need only d e t e r 
mine t h e  magnitude of t h e  second v e l o c i t y  increment.  This magnitude i s  needed 
s o  t h a t  t h e  t o t a l  f u e l  consumption w i l l  be known t o  be  wi th in  a v a i l a b l e  
l i m i t s .  This r e p o r t  i s  only concerned with developing t h e  d a t a  necessary 
before  t h e  a s t ronau t  makes the  f i r s t  c o r r e c t i o n ;  t h e r e f o r e ,  t h e  components o f  
t h e  second v e l o c i t y  c o r r e c t i o n  w i l l  not  be c a l c u l a t e d .  

An abor t  w i l l  normally be accomplished with t h e  f irst  impulse app l i ed  
from a few minutes t o  an hour a f t e r  t h e  dec i s ion  t o  abor t  i s  made and t h e  
second impulse appl ied  s u f f i c i e n t l y  near  t h e  e a r t h  t o  a s su re  s a f e  e n t r y .  The 
plane change maneuver can be accomplished with t h e  f i r s t  rocke t  f i r i n g  alone,  
o r  t h e  second alone,  o r  p a r t i a l l y  with each f i r i n g .  Consider t h e  v e l o c i t y  
increment pena l ty  caused by a p lane  change where VDo, t h e  v e l o c i t y  downrange 
and perpendicular  t o  t h e  rad ius  vec to r  a t  t h e  time t h e  p lane  change i s  i n i 
t i a t e d ,  does not  change i n  magnitude. This  s i t u a t i o n  i s  i l l u s t r a t e d  i n  
ske tch  (a) and it  i s  evident  t h a t  t h e  v e l o c i t y  increment pena l ty  caused by t h e  
p lane  change i s  2V~o[sin(AOP/2)].  When t h e  magnitude of t h e  downrange veloc
i t y  does change, t h e  pena l ty  caused by t h e  p lane  change may be equal  t o  o r  
l e s s  than t h i s .  
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vDO In the original 
/trajectory 

vDoin  the new trajectory plane 

Sketch (a) 

w i l l  be  t h e  technique used h e r e .  
change with the  f i rs t  impulse,  has 
a n a l y t i c a l l y  a l s o .  

plane 

This 
t h e  

J u s t  be fo re  t h e  second impulse 
i s  app l i ed  nea r  t h e  e a r t h ,  VD w i l l  
o r d i n a r i l y  be s u b s t a n t i a l l y  g r e a t e r  
than  t h e  VD j u s t  before  t h e  f irst  
impulse s i n c e  i n  f r e e  f a l l  VD 
inc reases  monotonically as range 
decreases .  Since t h e  v e l o c i t y  i n c r e 
ment p e n a l t y  i s  p ropor t iona l  t o  VD, 
i t  i s  genera l ly  more e f f i c i e n t  t o  
accomplish t h e  t o t a l  p l ane  change 
with t h e  f irst  rocket  f i r i n g .  This 

technique ,  making t h e  t o t a l  p l ane  
advantage of  be ing  s imples t  

The a s t ronau t s  w i l l  have a v a i l 
ab le  on board a d a t a  t a b l e  of  p e r t i 
nent  information about a d e s i r a b l e  
approach t r a j  ec tory  . A t y p i c a l  abor t  
t r a j e c t o r y  as shown i n  f i g u r e  1, may 
be d iv ided  i n t o  t h r e e  p a r t s :  t h e  
t r a n s f e r  t r a j e c t o r y  from t h e  f i r s t  
v e l o c i t y  impulse t o  t h e  second, t h e  
approach t r a j e c t o r y  from t h e  second 
v e l o c i t y  impulse t o  vacuum p e r i g e e ,  
and t h e  landing t r a j e c t o r y  from 
pe r igee  t o  landing.  The p l ane  of  
t h e s e  t r a j e c t o r i e s  i s  def ined  by t h e  
loca t ions  o f  t h e  landing s i t e  a t  t h e  
time of landing and t h e  abor t  p o i n t .  
This l a t t e r  l oca t ion  i s  obta ined  
from t h e  on-board computer, as men
t ioned  e a r l i e r ,  bu t  t h e  loca t ion  and 
t ime of  landing,  X L ,  Y L ,  ZL, T L ,  
should be known beforehand. 

Consider now t h e  approach por
t i o n  of t h e  abor t  t r a j e c t o r y  and a 

Figure  1 . - Geometry f o r  a t y p i c a l  a b o r t .  

f i c t i t i o u s  veh ic l e  moving i n  t h e  proper  p l ane  on an approach t r a j e c t o r y  which 
w i l l  land a t  t h e  d e s i r e d  time and p l a c e .  The b a s i c  problem considered he re  
i s  t o  rendezvous wi th  t h i s  f i c t i t i o u s  v e h i c l e ;  having done t h i s  a success fu l  
landing w i l l  fo l low.  P e r t i n e n t  c h a r a c t e r i s t i c s  of t he  approach t r a j e c t o r y  of 
t h i s  veh ic l e  a r e :  

a .  The rendezvous r ad ius  and t ime,  RF and T F .  

b .  The v e l o c i t y  components of t h e  f i c t i t i o u s  v e h i c l e  a t  t h a t  r a d i u s ,  VRF 
and V D F .  

c .  The pe r igee  of  t h e  approach t r a j e c t o r y ,  Rp. 

d .  	The c e n t r a l  angles  involved,  OB and �Ic. 
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This information about t h e  nominal abor t  t r a j e c t o r y ,  t h a t  is ,  t h e  landing 1 
s i t e  and t h e  c h a r a c t e r i s t i c s  o f  t h e  approach t r a j e c t o r y ,  w i l l  b e  used by t h e  

I, 

as t ronau t  i n  computing t h e  f irst  v e l o c i t y  c o r r e c t i o n .  This information can b e  
t abu la t ed  s e p a r a t e l y  f o r  each way s t a t i o n ,  Ro. Each t a b l e  w i l l  then  con ta in  
Rg, XL, YL, ZL, TL, R F ~TF, VRF, VDF, Rp, OB, and ec. 

MATHEMATICS 


I t  now remains t o  determine what equat ions  are necessary and t o  w r i t e  
them i n  t h a t  form which i s  e a s i e s t  t o  s o l v e .  The conic  t r a j e c t o r y  s i m p l i f i 
ca t ions  and t h e  p lane  change s i m p l i f i c a t i o n s  allow a complete d e s c r i p t i o n  of 
t h e  t r a n s f e r  t r a j e c t o r y  ( f i g .  1 ) ;  no d e s c r i p t i o n  is  needed f o r  t h e  approach 
and landing t r a j e c t o r i e s  s i n c e  t h e i r  general  c h a r a c t e r i s t i c s  are known. The 
fol lowing f i v e  equat ions  desc r ibe  every th ing  about t h e  t r a n s f e r  t r a j e c t o r y  
except t h e  time requ i r ed  t o  t r a v e r s e  i t .  The t ime increment equat ion,  f o r  
e l l i p t i c  o r b i t s ,  w i l l  b e  d iscussed  l a t e r .  

h = R V  
0 D r e q  

where 

VRF - av, = VRP 

Equations (1) and (4) a r e  obta ined  by forming t h e  vec to r  product of  equa- I 

t i o n  (12) o f  r e fe rence  8 wi th  t h e  u n i t  v e c t o r  i n  t h e  appropr i a t e  r a d i a l  I 

d i r e c t i o n .  Equations ( 2 )  and (5) a r e  s ta tements  concerning t h e  cons tan t  I 
angular  momentum of  t h e  t r a n s f e r  t r a j e c t o r y .  	 I 

I 

These equat ions are q u i t e  simple and some of t h e  terms i n  equat ion (1) 
a r e  used again i n  equat ion  (4). The fou r  v e l o c i t i e s  t o  be  determined VR,,~,  i 
A V D , ~ ~ ,  A v ~ 2 ,  A V D ~  are expressed i n  equat ions ( I ) ,  (2 ) ,  (4), and (5) i n  terms 1 

8 I 

i 

!
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of  q u a n t i t i e s  known a t  t h e  abor t  po in t  and BA and h ,  t h e  t r u e  anomaly 
increment and t h e  angular  momentum. 

With 8A and h known, equat ions (1) and ( 2 )  determine t h e  t r a n s f e r  
t r a j e c t o r y .  Equation (3) expresses  t h e  t o t a l  v e l o c i t y  r equ i r ed  a t  t h e  abor t  
po in t  i n  terms of  t h e  r e s u l t s  of equat ions (1) and ( 2 )  and t h e  u n i t  vec tors  
i n  t h e  r a d i a l  and new downrange d i r e c t i o n s .  These u n i t  vec to r s  a r e :  

The components of t he  f irst  v e l o c i t y  increment t o  b e  added a r e  simply 
obtained by s u b t r a c t i n g  v e c t o r i a l l y  t h e  i n i t i a l- v e l o c i t y  a t  t h e  abor t  p o i n t  
from t h e  d e s i r e d  v e l o c i t y  a t  t h e  abor t  p o i n t ,  VT,,~. Equations (4)  and (5) 
a r e  needed t o  ob ta in  the  magnitude of t h e  second v e l o c i t y  increment .  

The incremental  t r u e  anomaly, BA, i s  a v a i l a b l e  from t h e  next  equat ions :  

eA = ANG - eB - 0c 

The quan t i ty  ANG,  which i s  t h e  t r u e  anomaly downrange from t h e  abor t  
po in t  t o  t h e  landing s i t e ,  i s  two-valued i n  equat ion ( 9 ) .  This equat ion 
determines whether ANG i s  more o r  l e s s  than  180" and t h e  proper  values  i n  
equat ion (9) a r e  s e l e c t e d  be fo re  f l i g h t  by computation of t h e  vec to r  product  
along t h e  nominal abor t  t r a j e c t o r y .  This choice i s  inc luded  i n  t h e  d a t a  t a b l e  
s i n c e  only a most extreme t r a j e c t o r y  dev ia t ion ,  such as a gross  m i s f i r e  on 
i n j e c t i o n ,  could a f f e c t  t h i s  choice .  In such an extreme circumstance t h e  crew 
would probably use  a minimum t ime abor t  t o  any s a f e  e n t r y  and not  a t tempt  t o  
ob ta in  a d e s i r a b l e  landing s i t e .  

Now it only remains t o  f i n d  t h e  va lue  of angular  momentum, h ,  t h a t  cor
r e l a t e s  wi th  t h e  known time increment which i s  t h e  d i f f e r e n c e  between t h e  
time of  rendezvous w i t h  t h e  f i c t i t i o u s  veh ic l e  and t h e  es t imated  time of 
a r r i v a l  a t  t h e  way s t a t i o n .  The fol lowing t ranscendenta l  equat ion ( r e f .  9 )  
gives  t h e  t r a n s f e r  t ime 
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where Ereq i s  t h e  e c c e n t r i c  anomaly immediately a f t e r  t h e  f irst  v e l o c i t y  
increment and E 6  i s  t h e  e c c e n t r i c  anomaly j u s t  b e f o r e  t h e  second v e l o c i t y  
increment.  The parameters a ,  Ereq, E g  are  determinable  i n  terms of quan t i 
t i es  known a t  t h e  abor t  po in t  and BA and h .  (See appendix A . )  Thus given 
BA and h equat ion  (11) w i l l  y i e l d  t h e  t r a n s f e r  t ime.  This time equat ion must 
be so lved  s imultaneously with equat ions  (1) and ( 2 )  which determine t h e  veloc
i t y  increment components VR, ,~ ,  and t h e  p e r t i n e n t  equat ions of  
appendix A .  

The s o l u t i o n  of  t h e s e  equat ions i s  not  s t r a igh t fo rward  and a numerical 
s o l u t i o n  would r e q u i r e  a ted ious  i t e r a t i v e  procedure.  The a s t ronau t  cannot 
f i n d  t h e  s o l u t i o n  t o  t h e s e  equat ions with a p r a c t i c a l  amount of hand ca l cu la 
t i o n  and it  would be ob jec t ionab le  t o  burden t h e  main on-board computer with 
t h i s  t a s k  s i n c e  apprec iab le  a d d i t i o n a l  computer s t o r a g e  and time would be  
requi red .  This impasse may be avoided by more p r e f l i g h t  a n a l y s i s ;  t h e s e  
equat ions a r e  so lved  f o r  a l l  values  of angular  momentum, h ,  and incremental  
t r u e  anomaly, BA, which a r e  o f  i n t e r e s t  f o r  a p a r t i c u l a r  way s t a t i o n  and a 
p a r t i c u l a r  te rmina l  range and t h e  s o l u t i o n s  a r e  d isp layed  g r a p h i c a l l y .  

An example o f  such a graph i s  shown i n  f i g u r e  2(a)  which i s  an ove ra l l  
view o f  t h e  r e l a t i o n s h i p  between t h e  angular  momentum, h ,  t h e  t r u e  anomaly 
increment,  e*, and the  time increment,  TA. The va lue  of  h cannot be  

3.0-
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( a )  General  v iew.  

F igure  2 . - Conic d a t a  f o r  a range  of 150,000 km a t  a b o r t  and a range of 20,000 km a t  t h e  t ime of 
t h e  second v e l o c i t y  c o r r e c t i o n .  
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determined wi th  s u f f i c i e n t  accuracy from t h i s  graph b u t  a s e c t i o n  of t h e  
f i g u r e  can be en larged ,  as i n  f i g u r e  2 (b ) ,  so  t h a t  h can be i n t e r p o l a t e d  t o  
fou r  s i g n i f i c a n t  f i g u r e s .  

(b) D e t a i l e d  view. 

Figure 2 . - Concluded. 

METHOD OF COMPUTATION 

With t h i s  overview of t h e  r e l e v a n t  equat ions i n  mind it i s  proposed t h a t  
t h e  on-board computer s o l v e  equat ions ( 6 ) ,  (7) ,  and (8) -and g ive  t h e  r e s u l t s
&, CD, and ANG along with t h e  r o u t i n e  p r o j e c t i o n s  of Roy V o ,  To  t o  t h e  
way s t a t i o n .  This w i l l  consume computer time and space bu t  equat ions  ( 6 ) ,  
(7) ,  and (8) a r e  s t r a igh t fo rward  so t h a t  t h e  a d d i t i o n a l  on-board computer 
requirement i s  small. The s o l u t i o n  of equat ion  (7) does r e q u i r e  t h a t  knowl
edge of t h e  landing  s i t e  coord ina tes  appropr i a t e  t o  a given way s t a t i o n  be 
a v a i l a b l e  t o  t h e  on-board computer. The on-board computer subrout ine  might 
be manually i n i t i a t e d  by t h e  a s t ronau t  i n s e r t i n g  i n t o  t h e  computer t h e  land
i n g  s i t e  coord ina tes  and t h e  way s t a t i o n  range. The q u a n t i t i e s  R o ,  Vo, To,  
ANG, GR,gD would then  be computed and made a v a i l a b l e  t o  t h e  crew. This 
information,  t o g e t h e r  wi th  p r e f l i g h t  d a t a ,  is  a l l  t h a t  i s  necessary f o r  t h e  
two-impulse c a l c u l a t i o n .  
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The block diagram p r e s e n t a t i o n  of f i g u r e s  3(a)  and 3(b) shows t h e  o rde r  
i n  which t h e  computations must proceed. I n  f i g u r e  3 ( a ) ,  t h e  a l t e r n a t e  so lu 
t i o n  f o r  8~ i s  shaded s i n c e  f o r  a l l  t h e  d a t a  developed i n  t h i s  s tudy  
8~ + BB + �IC was g r e a t e r  than 180". 

ANG. To - from on-boord computer 

Be, 8,. TF , R o ,  RF - from data table 

(a )  F i r s t  h a l f .  

AV, = , / A B  .

(b) Second h a l f .  


Figure  3 . - Flow c h a r t  f o r  computat ions.  
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I t  should be  poin ted  out  t h a t  t h i s  computational scheme, with o r  without  
a re ference  t r a j e c t o r y ,  o f f e r s  a backup mode of  ope ra t ion  f o r  c a l c u l a t i n g  mid-
course co r rec t ions  f o r  i n t e r p l a n e t a r y  missions when computer f a i l u r e  i s  more 
l i k e l y  because of extended f l i g h t  time. The graphica l  s o l u t i o n  approximates 
t h e  numerical i n t e g r a t i o n  c a p a b i l i t y-of  t h e  main computer f o r  t h i s  purpose.  
If E, 7, T can be  es t imated  then UR, UD, e tc . ,  can be  computed on board 
with l i t t l e  d i f f i c u l t y .  I t  i s ,  of course,  a l s o  r equ i r ed  t h a t  t h e  i n e r t i a l  
p o s i t i o n  coord ina tes  of t h e  t a r g e t  po in t  and a d e s i r e d  time t o  reach t h e  
t a r g e t  po in t  be  known. 

The on-board numerical  procedure can b e  kept  s imple conceptual ly  through 
t h e  use of a computing form which has on i t  a l l  t h e  numbers p e r t i n e n t  t o  t h e  
s o l u t i o n  f o r  t h e  r e fe rence  abor t  from t h e  p a r t i c u l a r  way s t a t i o n .  Then t h e  
number r e s u l t i n g  a t  any s t a g e  from t h e  a c t u a l  on-board computations i s  
en tered  d i r e c t l y  below t h e  corresponding r e fe rence  t r a j e c t o r y  number. This  
w i l l  prevent  gross  e r r o r s  s i n c e  these  numbers w i l l  normally be s imi la r  i n  
s ign  and magnitude. This i s  s o  because o r d i n a r i l y  t h e  a c t u a l  outbound t r a 
j e c t o r y  is  a p e r t u r b a t i o n  of t h e  re ference  t r a j e c t o r y .  The theory ,  however, 
is  not l imi t ed  by a small pe r tu rba t ion  requirement .  A suggested o rgan iza t ion  
of the  necessary computations i s  given i n  c h a r t  l ( a )  which shows t h e  form as 
it  appears be fo re  f l i g h t .  The crosshatched a reas  i n d i c a t e  t h e  p l aces  where 
t h e  da t a  furn ished  by t h e  on-board computer i s  en te red .  

The c a l c u l a t i o n s  can be performed i n  15 minutes inc luding  t h e  s i n e  and 
cosine lookup and t h e  graphica l  i n t e r p o l a t i o n .  The ma te r i a l s  r equ i r ed  f o r  
t h i s  c a l c u l a t i o n  a r e :  a p e n c i l ,  t h e  r e fe rence  computation form, s i n e  and 
cosine t a b l e s ,  t h e  family of graphs f o r  t h e  t ime c o n s t r a i n t ,  and a small 
m u l t i p l i e r  of a t  l e a s t  fou r  d i g i t  accuracy. This c a l c u l a t i o n  may be  pe r 
formed a f t e r  a dec i s ion  t o  abor t  i s  made o r  it may be done p e r i o d i c a l l y  as a 
d e s i r a b l e  r o u t i n e  nav iga t ion  procedure j u s t  as p resen t  day a e r i a l  naviga tors  
p e r i o d i c a l l y  c a l c u l a t e  t h e  po in t  of no r e t u r n  i n  o rde r  t o  expedi te  dec i s ion  
making i n  the  event of an a b o r t .  

Although it  is  expected t h a t  t h e  a c t u a l  t r a j e c t o r y  w i l l  be  nea r  t h e  r e f 
erence t r a j e c t o r y  t h i s  computation w i l l  b e  v a l i d  and t h e  space veh ic l e  w i l l  
land a t  t h e  d e s i r e d  landing s i t e  even i f  t h e  a c t u a l  t r a j e c t o r y  i s  very d i f 
f e r e n t  from t h a t  in tended .  The computation uses  Keplerian o r b i t  theory  and 
i s  independent of t h e  re ference  t r a j e c t o r y  which i s  used only f o r  determining,  
i n  a complex p r e f l i g h t  examination, t h e  most d e s i r a b l e  landing s i t e  f o r  a 
given abor t  range.  

However, l a r g e  dev ia t ions  from t h e  nominal may r e q u i r e  a d d i t i o n a l  
enlarged s e c t i o n s ,  s imilar  t o  those  i n  f i g u r e  2 ( a ) ,  t o  be  a v a i l a b l e .  Numer
i ca l  da t a  on t h i s  po in t  a r e  presented  l a t e r .  A f u r t h e r  l i m i t a t i o n  on l a r g e  
t r a j e c t o r y  dev ia t ions  i s  t h a t  t h e  f u e l  requirements genera l ly  i n c r e a s e .  
When t h e  c a l c u l a t i o n s  produce incremental  v e l o c i t y  requirements ,  AV, and A V 2 ,  
t h a t  a r e  not  ach ievable  because of f u e l  l i m i t a t i o n s  then  a r e t u r n  without  
regard f o r  a landing s i t e  may be accomplished. A l t e rna t ive ly ,  i f  t i m e  i s  
a v a i l a b l e ,  another  two-impulse c a l c u l a t i o n  may be  performed with perhaps a 
d i f f e r e n t  abor t  range, a d i f f e r e n t  landing s i t e ,  o r  a d i f f e r e n t  landing t i m e .  
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In  o rde r  t o  demonstrate  t h e  f l e x i b i l i t y  a v a i l a b l e  with two rocket  f i r i n g s  , 
t h e  landing s i tes  chosen f o r  t h e  numerical  work were d ispersed  i n  l a t i t u d e  
inc luding  one whose l a t i t u d e  (34" N) i s  apprec iab ly  g r e a t e r  than t h e  i n c l i n a 
t i o n  of t h e  r e fe rence  t r a j e c t o r y  (28.6'). The l a t i t u d e  o f  t h e  landing s i t e  
of an in-p lane  r e t u r n  cannot exceed t h e  i n c l i n a t i o n  of  t h e  a c t u a l  t r a j e c t o r y  
p lane .  Consequently, a r e t u r n  t o  t h e  34" l a t i t u d e  landing  s i t e  w i l l  r e q u i r e  
a p lane  change i f  t h e  i n c l i n a t i o n  of t h e  outgoing t r a j e c t o r y  p lane  i s  l e s s  
than  34". The t h r e e  landing s i tes  a r e :  

Louis iana 94" West, 34" North 

Hawaii 158" West, 24" North 

A u s t r a l i a  150" Eas t ,  15" South 

In t h e  f u t u r e ,  water  landings may not  be r equ i r ed  and a landing s i t e  
wi th in  t h e  c o n t i n e n t a l  United S t a t e s  would reduce t h e  expensive deployment of 
men and machines c u r r e n t l y  necessary .  The Louis iana s i t e  was s e l e c t e d  f o r  
these  reasons .  The o t h e r  two s i t e s  were s e l e c t e d  because they a r e  secure  
water a reas  e a s i l y  p a t r o l l e d .  

The re ference  t r a j e c t o r y  used i n  ob ta in ing  t h e  d a t a  i s  a t y p i c a l  lunar  
f r e e  r e t u r n  t r a j e c t o r y  having a 100 n a u t i c a l  mile  p e r i l u n e  and a t r a n s i t  time 
of 70 hours from i n j e c t i o n  t o  p e r i l u n e .  This t r a j e c t o r y ,  which was a l s o  used 
i n  ob ta in ing  t h e  d a t a  of r e fe rence  6,  i s  def ined  f u r t h e r  i n  t h a t  r e p o r t .  

Since t h e  o b j e c t i v e  of  t h i s  s tudy  i s  only t o  show t h e  f e a s i b i l i t y  and 
the  f l e x i b i l i t y  of  on-board manual abor t  c a l c u l a t i o n s ,  a d e t a i l e d  optimiza
t i o n  of t h e  p o s s i b l e  abor t  t r a j e c t o r i e s  from each of  many way s t a t i o n s  was 
not a t tempted.  The las t  two abor t  t r a j e c t o r y  s e c t i o n s  a r e  t h e  same throughout 
t h i s  r e p o r t .  The approach t r a j e c t o r y  has an e c c e n t r i c i t y  of  0 .94 w i t h  
RF = 20,000 km; VRF = -4.869 km/sec; VDF = +3.526 km/sec; BB = 113.6"; 
TB = 0.8315 h r .  The atmospheric p o r t i o n  of t h e  t r a j e c t o r y ,  which includes 
a l l  t h e  landing t r a j e c t o r y  and p a r t  of t h e  approach t r a j e c t o r y ,  has an en t ry  
range of 2 ,000  n a u t i c a l  miles  from 400,000 f t  t o  landing.  Using an approxi
mate l i n e a r  r e l a t i o n  given by Cicolani  ( r e f .  l o ) ,  between en t ry  time and e n t r y  
range, t h e  fol lowing i s  r e a d i l y  e s t a b l i s h e d :  

Range, e n t r y  Time, e n t r y  Time,  pe r igee  Bc,  per igee  
t o  landing,  t o  landing,  t o  landing ,  t o  landing,  

n a u t i c a l  miles h r  h r  ~ rad ians  

2000 0.1910 0.1571 0.3713 

T h i s  i s  p a r t  of t h e  information a v a i l a b l e  t o  t h e  crew from p r e f l i g h t  a n a l y s i s .  

Data were obta ined  f o r  only t h r e e  way s t a t i o n s  a t  d i s t ances  from t h e  
e a r t h  of 100, 150, and 200 thousand km. Even without  any freedom i n  s e l e c t i o n  
of t h e  l a s t  two t r a j e c t o r y  s e c t i o n s ,  s o l u t i o n s  wi th in  t h e  c a p a b i l i t y  of t h e  
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Apollo veh ic l e  were obtained a t  each way s t a t i o n  f o r  more than  one landing 
s i t e .  This i s  shown i n  t a b l e  I which p o i n t s  up t h e  f l e x i b i l i t y  i nhe ren t  i n  
a two-impulse r e t u r n .  Successful  r e t u r n s  can b e  made t o  a l l  t h r e e  landing 
si tes from a l l  t h r e e  way s t a t i o n s ,  b u t  a t  t h e  100,000 km s t a t i o n ,  both t h e  
Aus t r a l i a  and Louisiana landing s i t e s ,  r e q u i r e  near  capac i ty  amounts of  fue l  
f o r  t h e  landing times t abu la t ed .  Returns which land 24  hours l a t e r  r e q u i r e  
much l e s s  f u e l .  

I t  might seem a t  f irst  t h a t  t h e  Aus t ra l ian  r e t u r n s  would be  more e f f i 
c i e n t  i f  t h e  p lane  change angle  (AOP) were reduced, b u t  t h i s  i s  not  t r u e  i n  
t h i s  p a r t i c u l a r  case .  For example, a r e t u r n  t o  A u s t r a l i a  from t h e  100,000 km 
way s t a t i o n ,  with a landing time la te r  than t h e  t a b u l a t e d  case, has t h e  
following c h a r a c t e r i s t i c s :  

AOP = 4.4O TA = 32.66 hr 

A V ~= 1.719 km/sec C@ = 304.6' 

AV, = 4.240 km/sec 

This r e t u r n  t r a j e c t o r y  has a sma l l e r  plane change angle ,  bu t  r equ i r e s  
considerably more f u e l .  

No cons idera t ion  has been given i n  t a b l e  I t o  t h e  l i g h t i n g  condi t ions  a t  
landing s i n c e  normally one of t h e  d ispersed  s i t e s  a v a i l a b l e  from a given way 
s t a t i o n  w i l l  be i n  day l igh t .  Moreover, a day l igh t  landing may not  b e  
requi red .  For Apollo, it i s  planned t h a t  t h e  e a r l y  t r i p s  w i l l  be made when 
the  e a r t h  s i d e  of t h e  moon i s  i n  t h e  sun.  Then t h e  pe r igee  loca t ion  f o r  
s ingle- impulse midcourse a b o r t s  w i l l  always be i n  day l igh t  and, when e n t r y  
range i s  l imi t ed  t o  2000 n a u t i c a l  miles, a l l  t h e  a t t a i n a b l e  landing s i t e s  
w i l l  be  i n  day l igh t .  Under t h e  same e n t r y  range r e s t r i c t i o n  two-impulse 
abor t s  w i l l  not  n e c e s s a r i l y  r e s u l t  i n  day l igh t  landings s i n c e  t h e  p o s s i b l e  
landing areas  a r e  g r e a t l y  increased .  

A complete computation f o r  an abor t  t o  H a w a i i  i s  given i n  c h a r t  l ( b )  f o r  
t he  fol lowing i l l u s t r a t i v e  s i t u a t i o n :  t h e  space veh ic l e  i s  assumed t o  have 
-a r r i v e d  a t  t h e  200,000 km way s t a t i o n  a f u l l  hour l a t e  b u t  with exac t ly  t h e  
R ,  7 of t h e  re ference  t r a j e c t o r y .  This approximates t h e  s i t u a t i o n  which 
r e s u l t s  from a 1 hour launch de lay .  I t  is seen t h a t  a s a t i s f a c t o r y  abor t  can 
be  accomplished with n e g l i g i b l e  f u e l  pena l ty  d e s p i t e  t h i s  de lay .  The nominal 
ve loc i ty  increments a r e  A V l  = 2.157 km/sec and AV, = 0.092 km/sec. With t h e  
delay,  t h e  v e l o c i t y  increments a r e  A V l  = 2.219 km/sec and AV2 = 0 .062  km/sec. 

The d a t a  p e r t a i n i n g  t o  t h e  re ference  abor t  t r a j e c t o r y  appear i n  t h e  top  
of each compartment i n  c h a r t  l ( b ) .  In t h e  bottom of each compartment a r e  t h e  
d a t a  from t h e  on-board computation where t h e  q u a n t i t i e s  es t imated  by t h e  
on-board computer a r e  i n  crosshatched areas. 

The major r e s u l t  o f  t h i s  computation is  t h e  v e l o c i t y  v e c t o r  r equ i r ed  a t  
t h e  abor t  po in t  i n  o rde r  t o  accomplish t h e  d e s i r e d  landing.  I t  i s  only neces
ary  t o  compute t h e  components of t h i s  v e l o c i t y  vec to r  t o  an accuracy of  
1 m/sec f o r  t h e  fol lowing reasons :  
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1. The e f f e c t s  of t h e  sun and moon are neglec ted  i n  these  two-body 
comput a tions . 

2 .  When t h e  rocke ts  are f i r e d  t h e  a c t u a l  v e l o c i t y  components w i l l  d i f f e r  
from those  intended.  

3 .  The q u a n t i t i e s  (K,7, T) fu rn i shed  by t h e  main on-board computer a r e  
e s t ima tes .  

4 .  The computations assume an impulsive v e l o c i t y  increment bu t  t h e  
rocke ts  w i l l  f i r e  f o r  many seconds.  

Approximations 1 and 2 above a r e  both capable  of producing e r r o r s  g r e a t e r  
than 1 m/sec and approximations 3 and 4 produce f u r t h e r  con t r ibu t ions .  Con
sequent ly ,  t h e  number of s i g n i f i c a n t  f i g u r e s  c a r r i e d  i n  t h e  computation should 
only be enough t o  ob ta in  accurac ies  approximating 1 m/sec. In c h a r t  2 t h e  
re ference  abor t  t r a j e c t o r y ,  d i sp layed  i n  the  top  of each compartment, was c a l 
cu la t ed  with a t  l e a s t  f i v e  s i g n i f i c a n t  f i g u r e s  a t  every s t e p ,  inc luding  t h e  
graphica l  lookup. The abor t  t r a j e c t o r y ,  d i sp layed  i n  t h e  bottom of each com
partment ,  was c a l c u l a t e d  with no more than  four  s i g n i f i c a n t  f i g u r e s .  In  t h i s  
case ,  t h e  l e s s  accu ra t e  computation was s u f f i c i e n t  t o  ob ta in  a l l  components 
of t he  v e l o c i t y  vec to r  accu ra t e  t o  b e t t e r  than  1 m/sec. A 20-inch s l i d e  r u l e ,  
g iv ing  about fou r  s i g n i f i c a n t  f i g u r e s  , i s  probably adequate f o r  t h e  computa
t i o n s  but  a small mechanical m u l t i p l i e r  of  f i v e  d i g i t  accuracy i s  p r e f e r a b l e .  

When a spacec ra f t  a r r i v e s  a t  a way s t a t i o n ,  i t  w i l l  have p o s i t i o n  and 
v e l o c i t y  dev ia t ions  from t h e  r e fe rence  t r a j e c t o r y .  The ana lys i s  of t h e  veloc
i t y  increment pena l ty  due t o  v e l o c i t y  dev ia t ions  alone i s  s imple s i n c e ,  con
cep tua l ly ,  one can f i r e  a rocket.whose v e l o c i t y  increment exac t ly  n u l l s  t h e  
v e l o c i t y  dev ia t ion  and thus  r e t u r n s  t h e  spacec ra f t  p r e c i s e l y  t o  t h e  r e f e r 
ence t r a j e c t o r y .  Consequently, t h i s  v e l o c i t y  increment pena l ty  can be no 
more than  t h e  n u l l i n g  v e l o c i t y  increment.  However, t h e  magnitude of  t h e  
n u l l i n g  v e l o c i t y  increment i s  small ,  compared t o  t h e  more than 1 . 0  km/sec 
used i n  t h e  f i r s t  v e l o c i t y  impulse o f  t h e  abor t  maneuver, s i n c e  a v e l o c i t y  
dev ia t ion  of 50 m/sec i s  considered t o  be  a l a rge  dev ia t ion .  Therefore ,  i t  is  
not necessary t o  p re sen t  d e t a i l e d  numerical d a t a  concerning t h e  v e l o c i t y  
increment pena l ty  due t o  v e l o c i t y  dev ia t ions .  

However, t h e  p o s i t i o n  dev ia t ion  may be s u b s t a n t i a l  although i t s  r a d i a l  
component a t  t h e  way s t a t i o n  i s  zero ,  by d e f i n i t i o n .  The computation given i n  
cha r t  3 compares a r e fe rence  abor t  a t  t h e  150,000 km way s t a t i o n  with an 
abor t  from a t r a j e c t o r y  which devia ted  5 ,000  km out  of t h e  intended o r b i t a l  
plane a t  t h e  t ime of a r r i v a l  a t  t h e  way s t a t i o n .  I t  i s  assumed t h a t  t h e  
spacec ra f t  t r a v e l i n g  t h e  devia ted  t r a j e c t o r y  a r r i v e d  a t  t h e  way s t a t i o n  on t h e  
time schedule of t he  r e fe rence  t r a j e c t o r y  and with t h e  same v e l o c i t y  v e c t o r .  
This comparison demonstrates t h a t  t h i s  type  of e r r o r  does not n e c e s s i t a t e  a 
s u b s t a n t i a l  i nc rease  i n  v e l o c i t y  increment .  I n  t h i s  example, f i g u r e  2(b) was 
used t o  determine t h e  angular  momentum demonstrating t h a t  t h e  s c a l e s  chosen 
f o r  f i g u r e  2(b)  cover a s u f f i c i e n t  range f o r  reasonable  e r r o r s .  The BA and 
TA of  the  lower po in t  marked on f i g u r e  2(b) were obtained i n  t h e  p r e f l i g h t  
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c a l c u l a t i o n  of c h a r t  3. The 8A and TA o f  t h e  upper p o i n t  marked i n  f i g 
u re  2 (b) were obta ined  through t h e  c a l c u l a t i o n  r e l a t e d  t o  t h e  dev ia t ion  
t r a j e c t o r y  of c h a r t  3. 

The family o f  curves presented  i n  f i g u r e  2(b) are very nea r ly  s t r a i g h t  
l i n e s ,  sugges t ing  poss ib l e  f u t u r e  work i n  determining h from BA, TA. The 
r e s u l t  would be t o  r ep lace  t h e  graphs of  general  conic  c h a r a c t e r i s t i c s  with a 
t a b l e  based on a l i n e a r  r e p r e s e n t a t i o n  of h .  That i s  h = K,TA + K, where 
K 1 ,  K, a r e  t a b u l a t e d  func t ions  of OA. Such a t a b l e  might cover a wide 
range of dev ia t ions  simply. 

CONCLUSIONS 

The purpose of  t h i s  s tudy  has been t o  inc rease  t h e  a s t r o n a u t a s  c a p a b i l i t y  
of determining t h e  two-impulse abor t  maneuver t h a t  w i l l  r e t u r n  him t o  a favor
ab le  landing s i t e .  A computation procedure has been developed which ob ta ins  
t h r e e  orthogonal components of  t h e  v e l o c i t y  t o  be  added f o r  t h e  f i r s t  impul
s i v e  rocket  f i r i n g  and t h e  magnitude of t h e  second v e l o c i t y  increment.  The 
on-board computations have been organized i n t o  a computing form of reasonable  
s i m p l i c i t y .  The t h r e e  orthogonal components of t h e  f i r s t  v e l o c i t y  increment 
can be determined manually t o  s u f f i c i e n t  accuracy i n  15 minutes.  

Ames Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffett  F i e ld ,  C a l i f . ,  94035 
125-17-05-01-00-21 
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APPENDIX A 

PROCEDURE FOR DETERMINING THE TRANSFER TIME 

The purpose of t h i s  appendix is  t o  show how t h e  t i m e  increment r equ i r ed  
f o r  t h e  t r a n s f e r  t r a j e c t o r y  may be  determined when t h e  t r u e  anomaly increment,  
BA, and the  angular  momentum, h ,  are given along wi th  t h e  i n i t i a l  and te rmina l  
' r a d i i  and r a d i a l  v e l o c i t i e s  o f  t h e  t r a n s f e r  t r a j e c t o r y .  This t i m e  increment 
is : 

T~ = E [EP - Ereq - e ( s i n  Ep - s i n  Eres)] 

The fol lowing two equat ions are  s tandard  conic  r e l a t i o n s :  

-e cos 8 h2 1 
req 

The e c c e n t r i c i t y ,  e ,  may be  found by expanding COS(8req + BA) and us ing  
equat ion (A2) i n  equat ion (A3). This y i e l d s :  

Now i f  equat ions (A2) and (A4) a r e  squared and added, t h e  e c c e n t r i c i t y  
i s  determinable as :  

The r ad ius  of  pe r igee ,  Rp, and t h e  semimajor a x i s ,  a ,  a r e  found from: 

a =  Rp
1 - e  

18 




The i n i t i a l  e c c e n t r i c  anomaly o f  t h e  t r a n s f e r  o r b i t ,  Ereq, i s  given by: 

The terminal  e c c e n t r i c  anomaly o f  t h e  t r a n s f e r  o r b i t ,  E B ,  i s  given by: 

R p  - R F ( ~- e )  
COS EP = - ~ 

RPe 

E p  = arccos(cos Ep)  for 0 < Ep < n 

r 

In  t h i s  r e p o r t  V R ~  was always l e s s  than  zero .  The time increment,  TA, 
may now be determined from equat ion (Al) .  
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TABLE I.- RESULTS OF ABORT COMPUTATIONS FOR !I'HEEE WAY STATIONS AND TKREE 
LANDING SITES WITH A 2000 NAUTICAL M l L E  ENTRY RANGE 

I
. _ _  

Way s t a t ion  
a t  100,000 km1

I I 

' A O P  = 23.4O 
nvl = 2.183 

5
2 AOP = 28.3O 

AVl  = 1.606 

$ 
9\ 

AV2 = 1.Ob4 
TA = 19.84 

AV, = 1 . ~ 6  
TA = 38.39 

c-
I I  

Ce = 218.30 Ee = 2 2 5 . 2 O  c 
0 
.rl 

AOP = 0.0 AOP = 0.0 cd 
AVl = 0.971 
AV2 = 0.472 

TA '= 46.81 
x nv2 = 0.463 

TA = 40.43 

A V ~= 2.464 

32 
% 

C0 = 204.0° d C0 = 197.20 
a, 

AOP = 74.40 
nvl = 2.005 
nv, = 1.025 

TA = 25.16 
C0 = 224.3O 

-P 
a,
9 
a,a
.d 
H 

AOP = 70.3O 
AVl = 1.530 
nv, = 0.918 

ce = 223.8O 
TA = 43.21 

a,
5 

*d8 
Pa, 

H 

Way s t a t i o n  
a t  200,000 km 

AOP = 30.2O 
nvl = 1.382 
nv2 = 0.306 

TA = 53.39 
C8 = 209.k-O 

AOP = 0.0 
AVl = 2.157 
nv2 = 0.092 

TA = 32.49 
C0 = 193.9O 

AOP = 74.2O 
AVl = 1.335 
nv, = 0.90 

TA = 59.21 
c0 = 222.60 

Velocit i e  s in km/sec. Time  in hours. 
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-h/RF 

Abort from 200,000km to H a w a i i  

Ro~ A * B  ~ A + B B  BB @A TA h COS 0~ s i n  0~ 	 - 1.o 
RF p/h -cos e A  

5.9119 from 1.o 
-ANG TF-TO graph p@ -0 

3.0138 // \, 1.9826 1.0312 32.490 69,200 0.5140 0.8578 10.0 5.760 0.4860 2.799 
\ 1.9826 10.0 

2313 14 15 16 17 18 19 20 21  22 724 
%/RF h &-cos) 1.o VRF 

-Cos e A  % sin e A  'Rreq 'Dreq -mc o s / ~ F  +@ A V E  Av, nv2 

@@ @/@ @/@ @-8@/Rg 1.o 
X 13 -@@ Ox@ a-@ vDF p$ 

9.486 0 .bo34 3.263 -0.5637 0.3460 -4.140 -1.606 -1.670 0.064 0.066 0 .o92 

&mp -0.1994 0.9422 (O.ll24) + (0.3260) = 0.4384 +0.0214 +0.4170 0.1739 -211 -39,887 
ycomp -0.8656 -0.3030 (0.4879) + (-0.1048) = 0.3831 -1.4828 +1.8659 3.4816 4.65111 2.157 5823 -173,130 
zcomp -0.4592 0.1618 (0.2589) + (0.0560) = 0.3149 -0.6829 N.9978 0.9936 2594 -91,849 

(a) A s  it appears before  f l i g h t .  

tu Chart 1.- The computing form used f o r  an abort  from 200,000 km t o  Hawaii. w 



Abort from 200,000 km to H a w a i i  

1 2 3 4 5 6 7 8 9 10 11 12 

- 1.o 
*A*B 	 *A*B *B *A TA h COS @A s in  *A RO 

RF Cl/h -COS *A 

G o m p  1 -0.1994 I 0.9422 I (0.1124) + (0.3260) = 0.4384 I 0.0214 I +0.4170 I 0.1739 1 I -211 1 -39,887 
Y m m D  I -0.8656 I -0.3030 I (0.4879) + (-0.1048) = 0.3811 1-1.4828 I +1.8659 I 3.4816 14.6511 1 2.1571 5823 1-173,130

1 z c o m p  1 -0.4592 I 0.1618 I (0.2589) + (0.0560) = 0.3149 1-0.6829 I +0.9978 I 0.9956 I I 2594 I -91,849 1 
6378 200,000 

& o m p  Fr6.’f6647$5<6255$ (0 .1248)  + 10.3289) = 0.4537 $’b’..l’oiii)+0.4323 0.1869 
I h-7%+,, f,’,’,‘,

Y c o m p  ?-0.8656/5-0.30302 (0 .5417)  + ( -0 .1058)  = 0.4359 ; -1 .48282+1 .9187  3 ,6814  4.9226 2.219 

z c o m p  ?-7.75&$,%;;;;2 (0 .2874)  + (0 .0565)  = 0.3439 5 ; , z , g i 2 i 1 . 0 2 6 8  1.0543 

,A,NG = 2.8981 TO = 33.601 TF = 66.091 I 5 = 67.080 1 TC = 0.157 
,,,,,,, ,,,,,,f z r ,  

FNG = 2 . 8 9 8 G Y T O  = 34 .601 t  

(b) The computing form as i t  appears a f t e r  on-board e n t r i e s  a re  made (launch delay example). 

Chart 1.- Concluded. 



Abort from 200,000 km t o  Australia 

_I

1 2 3 4 5 6 7 a 9 10 11 12 

Ro~ A * B  ~ A * B  OB @A *A h cos s i n  e A  - 1.o 
RF cl/h -COS e A  

5.9119 @- 3 from 1.o 
-ANG 6:: TF-TO graph P/@ -0 @ X @  

3 -5139 1.9826 1.5313 59 *209 84290 0.03949 0.99922 10.0 4.p89 0 .$051 4 3422 
3.514 

/ \,
\ 1.983 1 .531  59.21 84280 0.0398 0.9992 10.0 4.729 0.9602 4.541 

9.9605 I I 0.4U78 I 4.5457 1 0.34456 1 0.42145 I 0.60510 I -0.32370 I 0.25322 1-0.57892 I -0.68870 I 0 . p  

9.960 1 I 0.4227 I 4.545 I 0.3449 I 0.4214 I 0.6020 I -0.3240 1 0.2539 I -0.5779 I -0.6880 I 0.898 

&omp -0.19944 0.01685 (-0.06872) + (0.00710) = -0.0616 +O.OU4 -0.0830 0.007 864 -39,887 
Ycomp -0.86563 -0.47162 (-0.29826) + (-0.19876) = -0.4970 -1.4828 to.9858 0.972 1.782 11.335 6100 -173,130 
zcOmp -0.45924 0.88164 (-0.15824) + (0.37157) = 0.2133 -0.6829 &.a962 0.003 -1651 -91,849 

p = 398,600 km3/sec2 VRF = -4.8694 km/sec Tg = 0.832 hi- The first ca lcu la t ion  used at least f i v e  s ign i f i can t  
f i gu res  a t  every s tep .

RF = 20,000 km vDF = 3.5258 km/sec ecc = 0.9400 The second ca lcu la t ion  used no more than four s ign i f i can t  
f i gu res .  

Chart 2.- Illustrating the effects of computational precision. 
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1 2 3 

~ A * B  ~ A * B  OB 

5.9119 

-ANG 

/ \3.5585 / \  1.9826 
3.5747 1.9826 

13 14 I 15 

%/RF h 
-COS e A  Ro sin @ A  

4 5 6 7 8 9 10 11 12 
RO 1.o 

e A  TA h COS 8 A  sin @A - P/h -COS e ARF 
1.0

from 
TF-TO graph w/@ -0ax0 

1.5759 38.388 85,!Po -0.00510 0.99999 7.50 4.5392 1.0051 1 4.6629 1 
I .  5921 38.388 86,570 -0.02131 0.99977 7.50 4.6044 1.0213 4.7025 

I 

16 

p(1-cos) 

h s i n  

qomp 


Ycomp 


zcomp 


-0.2629 0.9393 (-0.0957)t (0.7380)= 0.4423 -0.0655 +0.5078 0.258 -3066 -39,430 
-0.8441 -0.1132 (-0.3072)+ (-0.0648)= -0.3720 -1.aok2 +i.4322 2.051 2.56111.600 4308 -126,610 
-0.467’4-0.3239 (-0.1701)+ (-0.1855)= -0.3556 -0.8571 +0.5015 0.252 3567 -70,110 

6378 150,000 

$ -0 .4379TL0 ,35474  (-0.15851 + ( -0 .2047)  = -fl..3firS:! K-’6.’k<<d + I  

ANG = 2.3534 I To = 25.6681 TF = 64.056 I &, = 65.045 1 Tr: = 0 .  

Chart 3 . - I l l u s t r a t i n g  t h e  e f f e c t  of a 5,000 km out-of-plane e r r o r  a t  t h e  150,000 km way station. 
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